Summary. The complete nucleotide sequences of two chromosomally linked actin genes from the sea urchin Strongylocentrotus franciscanus are presented. The genes are separated by 5.7 kilobases, occur in the same transcriptional orientation, and contain introns in identical positions. The structures and nucleotide sequences of the two genes are extremely similar, suggesting that they arose through a recent duplication. Comparison of the nucleotide sequences of the genes allows inferences to be made about mutational mechanisms active since the duplication event. Whereas point mutations predominate in the coding regions, the introns and flanking DNA are more heavily influenced by a variety of events that cause simultaneous changes in short regions of DNA.
Introduction
One of the most significant findings of research into the structure of eucaryotic genomes has been the discovery that many, perhaps most, genes are organized into multigene families. Well-documented examples include the globins, histories, actins, ribosomal RNAs, and tubulins (reviewed, e.g., in Raft and Kaufman 1983) . There is general agreement The selection pressures that lead to perpetuation of such gene families are not fully understood. They probably include a requirement for a larger amount of the corresponding protein (or RNA) than could be provided by a single gene, as well as the physiological importance of differences in the gene sequences that arise from the mutations subsequent to duplication. It is a familiar concept that gene duplications provide evolutionary flexibility to the organism, in that duplicated copies are free to diverge, while the progenitor copy maintains an essential cellular function. Among other possible explanations for the prevalence of multigene families is that different family members function in defined regulatory "domains," that is, groups of genes that are coordinately expressed in different tissues or at different stages of development.
To understand the evolutionary history of multigene families it is important to study the kinds of mutations that follow events of gene duplication. This is difficult, however, because secondary mutations can make reconstruction of the sequence of mutagenic events uncertain. We have attempted to circumvent this problem by examining the structure of two very similar genes that apparently were generated by a recent duplication and thus have diverged for only a short while. In such a case, primary mutations should not be obscured.
We report here the nucleotide sequences of two genes that code for actin in the sea urchin Strongylocentrotus franciscanus. Actin is a highly conserved protein found in all eucaryotic cells and encoded by a group of genes whose organization and expression have been studied extensively in organisms ranging from yeast (e.g., Nellen et al. 1981 ) to human (e.g., Soriano et aI. 1982 ; for a recent review see KJeinsmith et al. 1984). Previous studies using DNA hybridization followed by thermal elution (Johnson et al. 1983 ) had suggested that these particular actin genes, which occur on the same genomic clone in the same transcriptional orientation (see Fig. I ), are very similar in sequence. Comparison of the nucleotide sequences of these genes gives Some insight into the mechanisms and relative frequencies of the mutations that occur following duplication of a gene.
Methods
8Ubcloning ofhSfA 15. The lambda clone ~,SfA 15 (Fig. IA) , which contains two S. franciscanus actin genes designated SfA 1hA and SfA 15B, was isolated from a lambda clone library characterized as described by Johnson et al. (1983) , XSfA 15 was Partially digested with Ava t and Hind III, and ligated with PBR322 digested with the same endonucleases, Actin-containing clones were identified by colony hybridization with the actin ,eDNA clone pSA38 (Merlino et al, 1980) . SfA 15A was isolated m two recombinant plasmids and SfA 15B was isolated in one. Were separated by eleclrophoresis in 1% low-melting-point agarose gels.
Computer Analysis of DNA Sequences. The nucleotide sequences of SfA 1hA, SfA 15B, and various regions ofS. purpuratus actin genes (Cooper and Crain 1982; Schuler et al. 1983) Were searched for direct, indirect (reverse-order), and inverted rel~eats usin a en r o uence anal sis ~D" g g ealcomputerprogramf rseq Y elaney 1982). Codon usage and base composition were also determined. In some instances, particularly in the introns, the l~Ublished sequence of the actin gene SpG17 from the sea urchin S. Purpuratus (Cooper and Crain 1982) was used to aid in alignrnent of sequences.
Results and Discussion
As Predicted from earlier DNA hybridization data (JOhnson et al. 1983), the two actin genes described here are extremely similar. The structural and se- quenee similarity of the two genes, which are found in the same transcriptional orientation and separated by 5.7 kilobases, suggests that they may be the result of a relatively recent duplication event. If this is the case, the differences that exist between the genes represent relatively recent mutations. This situation allows us to infer the mutational mechanisms that have acted on these sequences since the duplication. Alternatively, it is possible that the similarity of the genes is due to some other event that acted to homogenize the sequences, such as gene conversion. This should not detract from the analysis, however, since primary mutational events that have occurred since the conversion should still be identifiable by comparison of the genes. Analysis of the genes described here shows that the coding portions, the 5' and 3' flanking sequences, and the two introns are evolving quite differently. The coding regions are being held relatively constant due to selection at both the protein and the nucleotide levels. In contrast, both sets of intervening sequences undergo sequence-specific insertions and/ or deletions, resulting in a mutation rate much higher than that which would be caused by random base substitutions. Interestingly, computer analysis suggests that mutational mechanisms active in one set of introns have little effect on the other. In both introns the nucleodde sequence directly affects the mechanisms of mutation, and in both cases secondary structure seems to be involved. Finally, the 5' and 3' flanking regions seem to undergo still different 
General Description of SfA 15A and SfA 15B
The nucleotide sequences of the protein-coding regions of SfA 15A and SfA 15B are shown in Fig. 2 . The sequences differ by 1.7%, or 19 bases out of 1125. Of the 19 changes, 16 (84%)are silent; 15 of these are at the third base position. At the amino acid (aa) level, there are just two differences (two of the three replacement mutations occur in the same COdon), at aa positions 264 and 296. Scoring of codon USage showed strong bias in the specific codons Used.
Intervening sequences are located between the COdons specifying aa 121 and 122 and interrupting aa 204 in both genes (Fig. 3) . The introns at aa 121 Vary in length from 236 base pairs (bp) in SfA 15A to 224 bp in SfA 15B and both are about 70% A + T. There are 26 single-base differences between them. The introns at aa 204 are 172 and 191 bp long, respectively, about 70% A + T, and contain only five Single-base differences. Both sets ofintrons contain large numbers of deletions and/or insertions, Which, as discussed below, are apparently caused by different mutational mechanisms. Two hundred sixty-seven and 180 bp 5' of the protein-coding portions of SfA 15A and SfA 15B, respectively, were sequenced, as were 150 bp 3' of each (Fig. 4) . Although the 5' flanking regions are A + T rich, little or no sequence similarity exists between them. More sequence similarity is found in the 3' flanking regions, although it is not as extensive as in the intervening sequences of the genes. The varying levels of nucleotide similarity between the different regions of SfA 15A and SfA 15B are interesting, in that no two regions within a gene seem to be evolving in the same manner or at very similar rates.
The Coding Regions
The protein-coding portions of SfA 15A and SfA 15B are very similar, differing by 1.7% and 0.5% on the nucleotide and amino acid levels, respectively. As would be expected, most of the nucleotide changes are at third base positions and do not alter the amino acid sequences. These changes represent only about 5% of the base substitutions that could have occurred without affecting the protein. The strong nucleotide homology in the coding regions necessitates similar codon usage between the genes. However, strong codon bias exists within each gene as well. Certain codons are used extensively, whereas others are used infrequently or not at all. For example, alanine is encoded by GCT and GCC 30 times in SfA 15A (31 in SfA 15B), while GCA and GCG are not used. In fact, all amino acids that can be specified by more than one codon show a strong, similar codon bias. Codon bias has been observed in actin genes of various species (Sanchez et al. 1983 ) and in other genes as well (see Grantham et al. 1980) , although the prevalent codons vary. It is clear that selection for particular codons has influenced the coding regions of SfA 15A and SfA 15B and that this has been important in conserving the coding sequences.
The Intervening Sequences
The intervening sequences ofSfA 15A and SfA 15B (at aa 121 and 204; Fig. 3 ) show more sequence divergence between genes than do the coding regions, and the causes of this divergence are complicated and varied. It is likely that intron sequences, with the exception of 5-10 bp at the intron-exon junctions, are under few evolutionary constraints, and such noncoding DNAs are thought to be well suited for evolutionary comparisons for the purpose of constructing phylogenies (e.g., Nei 1983) . Further, introns are often presumed to represent singlecopy sequences in the genolne, a factor considered to make their sequences more useful than others for estimating divergence times of genes and organisms (e.g., Grula et al. 1982; Schuler et al. 1983; Sibley and Ahlquist 1984) . A relatively constant rate of base substitution is assumed in these regions, and deletions and insertions are treated as equally likely "events" and are also assumed to occur at a reasonably fixed rate (Perler et al. 1980 ). Both sets of intervening sequences described here may argue, in different ways, against the validity of !hese assumptions. There is no apparent consistency m mutation rates, and some areas are conserved While other regions represent mutational hotspots. For instance, the introns interrupting aa 204 (Fig.  3) COntain only five single-base changes. No differences are found in the 3'-most 34 bp and only three differences are found in the first 68 bp at the 5' end. 13espite this, a large number of sequence differences exist due to deletions and/or insertions occurring at .small, direct repeats observable in the correspondlng region of the other intron. The deletions/insertions and repeats larger than 1 bp are shown in Fig.  5B . All other deletions/insertions are 1 bp in length and Occur at runs of As or Ts, which are, of course, also forms of repeats.
A mechanism that explains the relationship between deletions/insertions and direct repeats was Proposed by Streisinger et al. (I 966) and appears to Operate in procaryotic (e.g., Albertini et al. 1982) , eucaryotic (e.g., Efstratiadis et al. 1980) , and mitOchondrial (Aquadro and Greenberg 1983) systems. This "slipped mispairing" mechanism, diagrammed in Fig. 5A , explains either insertion or deletion of DNA, but for simplicity, only deletions Will be considered here. In this model, deletions are Caused by the out-of-register pairing of direct rePeats, followed by cleavage of the resultant loop during replication. Such a model accounts well for the deletions seen in the introns at aa 204, although Why these deletions are restricted to the center of the introns remains unclear.
The introns at aa 121 (Fig. 3) contrast significantly with those at aa 204. A far greater number of base substitutions has occurred (26) and less conservation is found near the intron-exon borders. A large number of deletions/insertions occur, but in no case are they found at perfect direct repeats, as they are in the introns at aa 204 (although some Changes at runs of Ts exist). This is not due to a lack of direct repeats in the introns at aa 121. ComPUter search of the introns indicates that an equivalent number of small, closely spaced, perfect re13eats exists in each. Thus, slipped mispairing has heavily influenced evolution of the intron at aa 204, but not of the intron at aa 121, in spite of the existence of short direct repeats in both. TGAAAT or a closely related sequence occurs throughout the introns at aa 12 I, although not in the tandemly rePeated manner characteristic of slipped mispairing. TGAAAT sequences are located starting at positions 109, 121, and 204 in both genes, as well as 13ositions 27, 49, and 141 in SfA 15B, and 199 in SfA 15A. Also, the reverse sequence, TAAAGT, is fOUnd at position 146 in both genes, and other closely related sequences are common (e.g., at positions 218 Because slipped mispairing does not appear to be a dominant cause of mutation in the introns at aa 121, we scored direct, reversed-order, and inverted repeats to search for alternate mechanisms affecting the evolution of these introns. Given the A + T richness, one would expect a relatively high number of such structures (Moore et al. 1984) . However, what was found was striking: Virtually the entire intron at aa 121 is made up of inverted repeats, i.e., sequences capable of forming foldback structures with other regions of the same DNA strand. For instance, a computer search for inverted repeats in the intron at aa 121 in SfA 15A and SfA 15B requiting at least eight perfectly matching base pairs and a minimum of 75% total homology, with minimum regions of three paired bases and a maximum of three unpaired bases, identified 208 and 201 nucleotides, respectively, capable of forming foldback structures with other regions of the intron. This represents 88 and 90% of the bases, respectively. In contrast, the introns at aa 204 contain only 55% such homology, although they are similar in A + T content.
Models that can account for foldback homology and resulting mutations have been proposed by Ripley (1982) and Glickman and Ripley (1984) . Figure  6A illustrates how an inverted repeat may be formed For example, repetition of this process results in a number of direct repeats, such as the sequence TGAAAT, which is prevalent in the introns at aa 121. Also by this process, a point mutation in one region of the intron could be replicated in distant regions, accounting for the much higher quantity of base substitutions seen in the introns at aa 121 relative to those at aa 204. The presence of some inverted repeats would make formarion of hairpin structures more likely, which in itself would increase the likelihood of mutations occurring by the mechanisms shown in Fig. 6 . The self-perpetuating nature of the process may account for its greater impact on one intron than the other.
DNA Flanking the Coding Regions
DNA sequences 5' and 3' to the coding regions of SfA 15A and SfA 15B (Fig. 4) have diverged more extensively than, and differently from, the introns and each other. The 3' flanking regions have some foldback homology, but this is confined mostly to small areas, so that the hairpin structures that could form would contain no loops. In the 3' flanking region ofSfA 15B, for example, six of seven foldback structures identified using the parameters described above do not contain loops (e.g., bases 26-35 are 80% homologous to bases 36-45). This is in contrast to foldback homology in the introns, which is often found at a distance that would result in a looped hairpin. Tandem repeats exist in the 3' flanking regions, but they are not the small, perfect repeats found in the introns at aa 204. Rather, they consist of 10-15 bp of imperfect homology. For instance, bases 3-14 ofSfA 15A can be aligned as shown in Fig. 4 or with bases 18-29 ofSfA 15B. In contrast to the other regions of these genes, the 5' flanking regions have virtually no nucleotide similarity with one another. Some inverted repeats exist in the 5' sequences and at least one example of slipped mispairing is possible, in that the sequence ATC is repeated three times in the 11 bp preceding the translation start codon of SfA 15B, and occurs only once in SfA 15A (Fig. 4) . Taking this into account allows alignment of a small region of A residues, but little else. Thus it seems unlikely that slipped mispairing or the foldback mechanisms have caused the extensive divergence of the 5' flanking regions. It is possible that when the genes were duplicated, the 5' region of one of them was lost, but this would probably have resulted in the loss of upstream regulatory sequences, leaving a nonfunctional gene. If either gene were nonfunctional, the coding portion would be free to diverge, which has not occurred. The lack of homology in the 5' flanking sequences may be caused by the presence of an intron in one of the genes but not the other. This is Suggested by the occurrence of an intron in the 5' Untranslated region of actin genes of other species Such as Drosophila (Fryberg et al. 1981 ) and the sea Urchin Strongylocentrotus purpuratus (Zeigler et al. 1983 ). The fact that a promoterlike sequence is found at Position -128 in SfA 15A, but not in SfA 15B, SUggests that if one gene does have an extra intron it is more likely to be SfA 15B.
Examination of Other Sea Urchin Actin Genes
Two S. purpuratus actin genes of known sequence Were examined to determine whether the mutational mechanisms discussed above affect other sea urchin actins. These genes have also undergone slipped naispairing (Schuler et al. 1983) and the intron at aa 121 of the actin gene SpG 17 (Cooper and Crain 1982) contains even more foldback homology than o the S. franciscanus genes. Sequence information om an actin gene of the distantly related sea urchin Lytechinus pictus suggests that the mechanisms disCUSSed above are active in that gene also (P. Johnson, unpublished observation). Coding regions of the aetin genes from all three sea urchin species show Strong and similar codon bias. Taken together, these Observations suggest that processes that influence the sequences of SfA 15A and SfA 15B may play a role in the evolution of other sea urchin actin genes.
Conclusions
The two sequences reported here allow us to specUlate about evolutionary mechanisms active in these genes. The protein-coding portions of the genes are aPParently being held constant by selection at the Protein level and also at the particular codons utilized. In contrast, the introns undergo an accelerated rate of divergence via mechanisms that affect small regions of DNA. Although a relatively limited number of base changes are found in the introns (where they Would presumably not be strongly selected against), many deletions and insertions have ocCUrred, resulting in rapid divergence. Surprisingly, these deletions/insertions seem to be due to slipped mispairing at small direct repeats in the introns at aa 204, whereas in the introns at aa 121 they are the result of a different mechanism, namely the correction of single strands of DNA using as a template ~, Variably distant segment of the same strand. The arid 3' flanking regions show some evidence of both of these mutational mechanisms. The 3' flanklr~g regions show less similarity between genes than either intron does, but can still be aligned. The 5' area is nonhomologous, possibly because of the l~resence of an intervening sequence in one gene but rtot the other.
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Clearly, different mutational mechanisms result in different mutation rates in the various portions of the genes. Why these mechanisms affect selected regions of the genes is not clear. The foldback and slipped mispairing mechanisms could interact. For instance, while the sequence ATATAT at position 107 in the intron at aa 204 of SfA 15A could result in slipped mispairing, it is also capable of forming a hairpin structure. Moreover, since foldback replication can result in direct repeats, this process could enhance the rate of slipped mispairing. The effect these mechanisms may have on any particular sequence is difficult to predict, since any direct repeat may lead to slipped mispairing and any inverted repeat may lead to foldback. The sequences do not necessitate the mutation; they merely provide a site for its possible occurrence. The introns at aa 204 contain direct repeats (e.g., at positions 23-34 and 48-60) that have not been deleted in either gene. Whether these are future sites of slipped mispairing or if deletions at these regions are somehow selected against is not known.
The analyses presented here accentuate the care that must be taken when estimating the relatedness of two DNAs, or of two organisms using DNA sequences. Base substitutions are often not the major events of divergence and may be selected against even at silent positions of options. Further, sequences may even undergo positive selection for mutations in regions where variability itself may be advantageous. These possibilities make the idea of "random substitutions" and analysis based on them quite complex. The rate of divergence may be strongly influenced by specific DNA sequences and mutational mechanisms that result from them. If sequences that promote mutational mechanisms are present in one DNA but not in another, the rates of change in them may differ widely. Accordingly, estimation of the length of time for which the actin genes discussed here have been diverging would be very difficult, since it would depend not only on what regions were chosen for comparison, but also on the relative import ascribed to given mutational events. Greater understanding of how and why mutations occur, and of how and when they are selected for and against, and the ability to identify underlying mechanisms that may alter mutation rates will be needed before DNA sequences can be used in an unambiguous quantitative manner to establish phylogenies and reliable estimates of divergence times.
